We present 88 multi-epoch Very Long Baseline Array (VLBA) images (most at an observing frequency of 8 GHz), of 20 TeV blazars, all of the HBL class, that have not been previously studied at multiple epochs on the parsec scale. From these 20 sources, we analyze the apparent speeds of 43 jet components that are all detected at four or more epochs. As has been found for other TeV HBLs, the apparent speeds of these components are relatively slow. About two-thirds of the components have an apparent speed that is consistent (within 2σ) with no motion; and some of these components may be stationary patterns whose apparent speed does not relate to the underlying bulk flow speed. In addition, a superluminal tail to the apparent speed distribution of the TeV HBLs is detected for the first time, with eight components in seven sources having a 2σ lower limit on the apparent speed exceeding 1c. We combine the data from these 20 sources with an additional 18 sources from the literature to analyze the complete apparent speed distribution of all 38 TeV HBLs that have been studied with VLBI at multiple epochs. The highest 2σ apparent speed lower limit considering all sources is 3.6c. This suggests that bulk Lorentz factors of up to about 4, but probably not much higher, exist in the parsec-scale radio emitting regions of these sources, consistent with estimates obtained in the radio by other means such as brightness temperatures. This can be reconciled with the high Lorentz factors estimated from the high-energy data if the jet has velocity structures consisting of different emission regions with different Lorentz factors. In particular, we analyze the current apparent speed data for the TeV HBLs in the context of a model with a fast central spine and a slower outer layer.
INTRODUCTION
High-frequency peaked BL Lac objects (HBLs) constitute the largest class of active galactic nuclei detected at energies of ∼ 10 12 eV (1 TeV) with groundbased gamma-ray telescopes, greatly outnumbering flatspectrum radio quasars (FSRQs) and low-frequency peaked BL Lac objects (LBLs). There is considerable evidence that HBLs possess intrinsically weak jets resulting from radiatively inefficient accretion modes in low-excitation radio galaxies (LERGs), and that they are thus a physically distinct class of object from the intrinsically more powerful FSRQs and LBLs that result from a standard accretion disk in high-excitation radio galaxies (HERGs) (e.g., Meyer et al. 2011; Giommi et al. 2012) .
These TeV HBLs sometimes display dramatic variability properties at TeV energies, such as the 200 s variability timescale seen for PKS 2155−304 (Aharonian et al. 2007) . Although various models have been proposed for such rapid variability (e.g., Begelman et al. 2008; Nalewajko et al. 2011; Narayan & Piran 2012; Barkov et al. 2012) , they share the common feature of high bulk Lorentz factors and Doppler factors (up to δ ∼ 100) for the gamma-ray emitting plasma in their relativistic jets. High bulk Lorentz factors and Doppler factors are also required to model TeV blazar spectral energy distributions (e.g., Tavecchio et al. 2010) , particularly when one-zone models are used.
In contrast to the estimates obtained at high energies, observations of the parsec-scale radio jets of HBLs with VLBI have consistently derived modest values for the bulk Lorentz factor and Doppler factor. These observations include the low brightness temperatures of the VLBI cores (e.g., Lister et al. 2011; Piner & Edwards 2014; Lico et al. 2016) , the absence of rapid superluminal motions of the jet components (e.g., Kharb et al. 2008; Piner et al. 2010; Tiet et al. 2012; Lico et al. 2012; Lister et al. 2016) , and others including the radio variability, core dominance, and jet morphology (see Piner et al. 2008 for a complete discussion). This discrepancy between the Doppler factors derived at different wavebands for the HBL blazar class was dubbed the 'Doppler crisis' by Tavecchio (2006) .
This conflict between the Lorentz and Doppler factor estimates in different wavebands can be resolved if the HBL jets possess velocity structures such that these quantities vary along the jet length or width, such as a jet with a fast central spine and a slower outer layer (e.g., Ghisellini et al. 2005) , or a jet where the leading edge of ejected blobs moves faster (Lyutikov & Lister 2010) . We note that such velocity structures in HBL jets are also independently required in order to match the properties of HBLs with their putative parent objects (e.g., Chiaberge et al. 2000; Meyer et al. 2011; Sbarrato et al. 2014) . If such velocity structures exist, then some may be directly observable in VLBI imaging as, for example, limb-brightening of the jet. High-energy observations, VLBI observations, jet simulations, and unification studies, when considered together, offer the best approach of obtaining a consistent physical picture of TeV HBL jets. However, acquiring ample VLBI data to test this has been challenging; because of the relative faintness of most of the TeV HBLs in the radio, only the brightest few have been previously well observed with VLBI.
We have been using the Long Baseline Observatory's Very Long Baseline Array (VLBA) 1 to conduct a multiepoch survey of all TeV HBLs accessible to this telescope for the past several years to study the jet kinematics. When observed over multiple epochs, the apparent motion of the jet can be directly measured from the VLBI data. The apparent speed of a jet component moving with the bulk flow speed is given by the well-known formula:
where βc is the intrinsic speed and θ is the angle of the motion to the line of sight. The apparent speed as a function of θ has a maximum of β app ≈ Γ at an angle of sin θ = 1/Γ, where Γ is the bulk Lorentz factor. It is important to note that in a population of sources with equal Lorentz factors observed at various angles, the peak measured apparent speed is therefore approximately the Lorentz factor, and slow apparent speeds are observed at angles both smaller than and larger than the critical angle. Also note that patterns in the jet may not move with the bulk flow speed, but may instead be stationary or slowly moving (e.g., the Low Pattern Speed (LPS) components discussed by Lister et al. 2009b and Piner et al. 2012) . Such components may be particularly common in the jets of HBLs due to an abundance of stationary shocks (Hervet et al. 2016 (Hervet et al. , 2017 , and any moving components may need to be observationally separated from a background of such stationary pattern speed components. In Piner & Edwards (2014) , hereafter Paper I, we published first-epoch VLBA images of twenty new TeV HBLs that had not been previously well observed with VLBI. In this paper, we present multi-epoch images of these same 20 sources, and analyze in particular the ap-parent speed results that are obtained from these multiepoch data. Other results that can be obtained from a single VLBI epoch, such as VLBI core brightness temperatures and apparent jet opening angles, have already been discussed in Paper I using the first epoch of data for each source, and we would not expect such results from Paper I to be significantly changed by the additional epochs presented here. For example, the median VLBI core brightness temperature at 8.4 GHz for all of the images presented in this paper is 2×10 10 K, which is the same as the typical brightness temperature quoted for the TeV HBLs in Paper I.
Throughout the paper, we assume cosmological parameters of H 0 = 71 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73. Although different at the few percent level from current best-fit values, these values are consistent with our earlier publications on TeV blazars and allow direct comparison with those publications; changing to the best-fit values would not significantly affect numerical results.
OBSERVATIONS

Source Selection
The goal of our ongoing VLBA project is to obtain multi-epoch VLBI images of the complete set of TeVdetected HBLs sufficient to study their parsec-scale jet kinematics and morphology. Our complete candidate source list is thus the 47 HBLs listed as detections in the TeVCat catalog 2 (Wakely & Horan 2008) as of this writing. These 47 HBLs are listed in Table 1 . Note that between Paper I in 2014 and this paper, the total sample size in Table 1 has grown by only three sources from 44 to 47 objects, implying that there are probably not many TeV HBLs left to be detected by the current generation of TeV telescopes, and that this table is likely to gain only a small number of additions between now and the start of observations with the Cherenkov Telescope Array (CTA) (Acharya et al. 2013) . From this sample of 47 sources, we then excluded the following sources from imaging for this paper:
1. Eleven sources reported as TeV detections before 2007 for which we have already published multiepoch VLBA observations: six of these sources are discussed by Piner et al. (2010) , and an additional five by Tiet et al. (2012 (Ojha et al. 2010; Müller et al. 2017 ). 4. Five sources which were either detected too recently (2014 or later) to be included in this work, or for which the HBL nature was only recently conclusively established (HESS J1943+213; Akiyama et al. 2016) . Observations of these five sources are currently ongoing as part of our approved VLBA program BE073.
The full TeV HBL sample and these exclusions are shown in tabular form in Table 2 gives the B1950 name and the redshift for the 20 sources observed for this paper, along with the number of VLBA images considered in the analysis. Hereafter we refer to these sources exclusively by their B1950 names for uniformity. Redshift values are taken from TeVCat unless otherwise indicated in the notes to Table 2. Four of these twenty redshift values have been updated based on newer data compared to the corresponding redshift values given in Table 7 of Paper I; these updated redshift values are also indicated in the notes to Table 2 .
The median redshift of our sample of 20 sources is z = 0.18. At a redshift of 0.18, an angle of 1 milliarcsecond (mas) corresponds to a physical length of about 3 parsecs, and a proper motion of 0.1 mas yr −1 corresponds to a projected linear speed of about 1.2 c.
Details of Observations
Details of all of the observing sessions used for this paper are given in Table 3 . The bulk of the observations come from VLBA experiments S6117 and S7017 during the years 2013 to 2015. These two experiments together observed each of the 20 sources from Table 2 at four epochs separated by about six months, for a total of 80 images. Each of these images is obtained from an average of about two hours on-source time; such integration times are required to image the jets of these fainter sources at sufficient dynamic range. These observations b Whether or not the source is included in the VLBA observations for this paper.
c Reason for exclusion: 1: Monitored in our previous work; 2: in MOJAVE program with sufficient epochs; 3: too far south; 4: detection or confirmation too recent, currently being observed as part of our VLBA program BE073.
were made at an observing frequency of 8.4 GHz (4 cm), because this frequency provides the optimum combination of angular resolution and sensitivity for these sources. All observations used the full 2 Gbps recording rate of the VLBA, and were made using the polyphase filterbank (PFB) observing system of the Roach Digital Backend (RDBE), in its dual-polarization configuration of eight contiguous 32 MHz channels at matching frequencies in each polarization. Although dualpolarization was recorded, only total intensity (Stokes I) was calibrated and imaged, because of the expected sub-millijansky level of polarized flux density from most of these sources. The only source that was consistently observed using phase-referencing was 0347−121 (with J0351−1153 observed as the calibrator); other sources were bright enough for direct fringe fitting. In addition to the 8.4 GHz images described above, we also obtained images at 15.3 GHz during experiment S7017 of the two sources 0033+595 and 0647+251.
These two sources displayed apparent jet bends exceeding 90
• in their images in Paper I, and images at a higher frequency were obtained in order to attempt identification of the core in these sources from its spectral properties.
In order to extend the measured time baseline for some sources, we also included some earlier images from 2009 and 2010 recorded during experiments BE055 and BE057, and originally published by Piner & Edwards (2013) . These images are generally of lower sensitivity, being obtained prior to the VLBA sensitivity upgrade in 2012. Images from these experiments were included only if they were of a high enough quality and if the source structure was simple enough that jet features could be unambiguously connected between the 2009-2010 and 2013-2015 observations. We include earlier observations of the six sources 0150+015, 0229+200, 0317+185, 0347−121, 0414+009, and 0706+592 (some of which have been reprocessed for this paper), and have a The redshift is a lower limit from Pita et al. (2014) .
b The redshift has been updated compared to that used in Table 7 of Paper I.
c The redshift is a lower limit from Nilsson et al. (2012) .
d The redshift is from Ahnen et al. (2016) .
excluded observations of sources 0502+675, 0548−322, and 1011+496 obtained during the same experiments. In the case of 1011+496, the exclusion is because this source acquired sufficient VLBA epochs through the MOJAVE program. These additions increase the spanned time range of the VLBA monitoring to five years for some of these sources, although the typical spanned time range is closer to two years in most cases. Altogether, these observations yield a final dataset consisting of 88 images of 20 sources obtained over the years 2009 to 2015, and totaling approximately 200 hours of integration time on the VLBA. Twenty of these images were previously published in Paper I, six were published by Piner & Edwards (2013) , four were published in Piner & Edwards (2016) , and 58 are previously unpublished.
We used the AIPS software package for calibration and fringe-fitting of the correlated visibilities, and fringes were found at significant SNR to all target sources at all epochs. A small number of discrepant visibilities were flagged, and the final images were produced using CLEAN and self-calibration in the DIFMAP software package. VLBA imaging of sources at these lower flux density levels can be very sensitive to the self-calibration averaging interval, and self-calibration will generate spurious point-source structure if the averaging interval is too short (e.g., Martí-Vidal & Marcaide 2008) . We carefully investigated and selected self-calibration solution intervals for the fainter sources to make sure that minimal spurious flux density (less than ∼ 1 mJy) should be introduced into the images through self-calibration (see Equations 7 and 8 of Martí-Vidal & Marcaide 2008) . In the section below, all of the images are displayed using natural weighting, in order to maximize the dynamic range.
3. RESULTS
Images
The 88 VLBA images used for this paper are shown in Figure 1 , and the parameters of these images are tabulated in Table 4 . The source name, epoch, and observing frequency are listed above each panel in Figure 1 . All sources show a bright, compact component, hereafter identified as the VLBI core, and they all show additional extended structure that can be modeled by at least one Gaussian feature in addition to the core (see § 3.2). The fitted locations of the 43 Gaussian components for which apparent speeds are determined in § 3.3 are indicated by filled diamonds on the first image from 2013 for each source (which is the image published in Paper I, and also typically the one with the highest dynamic range); this is intended to aid comparison between the images in Figure 1 and the fits in Figure 2 (see § 3.3). The images in Figure 1 do not show the entire CLEANed region for clarity, but are instead zoomed in on the core and the inner jet region. Larger scale images plus all associated data files are available at the project web site 4 . Peak flux densities in the images in Figure 1 range from 4 to 121 mJy bm −1 (see Table 4 ), with a median peak flux density of 27 mJy bm −1 . The median rms noise level is 0.025 mJy bm −1 , which is about the expected noise level for an approximately two-hour observation at 8.4 GHz 5 . Typical dynamic ranges of the images in Figure 1 are thus about 1000:1, which is easily a FWHM of the major and minor axes in mas, and position angle of the major axis in degrees; respectively.
b rms noise in the total intensity image. high enough to reveal the parsec-scale jet structure even in the fainter sources. The general parsec-scale morphology of these sources was described in Paper I, and has also been seen in VLBI studies of brighter TeV blazars such as Mrk 421 and Mrk 501 (Piner et al. 1999; Edwards & Piner 2002; Giroletti et al. 2006 Giroletti et al. , 2008 . Most of the sources show a collimated jet a few milliarcseconds long that transitions to a lower surface brightness, more diffuse jet with a broader opening angle at a few mas from the core. The structure at tens of milliarcseconds from the core at 8 GHz then appears patchy and filamentary.
In Paper I we noted that at least two sources (0502+675 and 1722+119) showed a clear limb-brightened structure at a few mas from the core; once again, this is a property that is familiar from the brighter TeV blazars (e.g., Piner et al. 2009; Blasi et al. 2013) . Such limb brightening is important because it can reveal the presence of transverse velocity and/or magnetic field structures. We note here that we continue to observe the presence of limb brightening in those two sources in later epochs, and we also observe limb brightening in some of the new images of other sources; for example 0645+153 at 2014 August 21 and 0706+592 at 2014 March 27 (see Figure 1) . We do not pursue this analysis further in this paper, but future work will investigate the transverse jet structures measured from both the individual and the stacked-epoch images of all of the sources in this program.
We also noted in Paper I that two sources (0033+595 and 0647+251) showed jet components that differed by more than 90
• in their position angles. Because of the likely at least modest Doppler factor of the radio emission in these sources, such structure is unlikely to represent a jet and counter-jet. Presumably then, either the brightest component is not the core (in which case the component designated as component 2 in each source would be the core), or the jet has a very large apparent bend (as inferred for the TeV blazar 1ES 1959+650 by Piner et al. 2008) . Images of these two sources were obtained at 15 GHz to compare with the 8 GHz images, and these are also shown in Figure 1 ; in each case the spectral index of the presumed core and of component 2 are similar within the estimated errors (see Table 5 ). However, we are confident in the core identification in each source due to the measured brightness temperatures, which are or order 10 10 K for the presumed core at every epoch, but only of order 10 8 K for the closest jet component at every epoch (for both sources); these can be compared with typical core brightness temperatures from Figure 4 of Paper I. We expect then that these two sources are cases where the jet has a large apparent bend due to projection effects; deep images at lower frequencies would also be useful to confirm this.
Model Fits
In order to identify jet features from epoch to epoch, we fit Gaussian models to the calibrated visibilities for each image in Figure 1 , using the modelfit task in DIFMAP. Model fitting directly to the visibilities rather than the images allows sub-beam resolution to be obtained in many cases, and components may be clearly identified in the model fitting even when they appear blended with the core component or with each other in the CLEAN images. In some cases, patchy and low surface brightness emission beyond the collimated jet region could not be well fit by Gaussian components, so the model fits do not necessarily represent the more distant emission seen on the full CLEAN images. Gaussian components will also not fully represent more complex transverse jet structure, such as limb-brightening. Note also that, because of incomplete sampling in the (u, v)-plane, such VLBI model fits are not unique, and represent only one mathematically consistent deconvolution of the source structure.
During the model fitting, circular Gaussians were preferred to elliptical Gaussians if they provided an adequate fit to the visibilities, because their fit parameters are more stable from epoch to epoch. An adequate fit was judged based on the reduced chi-squared of the fit and visual inspection of the residual map and visibilities. Elliptical Gaussians were used in the end only for two components: the core and the outermost jet component of the source 0502+675. Additionally, if the size of a circular Gaussian component asymptotically approached zero during the model-fitting procedure, then that component was replaced with a delta function.
The Gaussian models fit to all 88 images are given in Table 5 . The model component identification follows the scheme used in our previous papers (e.g., Piner et al. 2010) ; jet components are numbered 1, 2, etc., from the outermost component inward. Component '0' indicates the presumed core at each epoch, while a component ID of '99' indicates a flagged component not used in the analysis (e.g., because it is a merger of two other components, or it is a more distant component not seen at other epochs; such a component ID is assigned only twice for the 289 components in Table 5 ). The polar coordinates of the center of each component in Table 5 are relative to the origin of the associated image in Figure 1 , not relative to the core (however, in most cases, the core position and the origin of the image are very close together). Note that flux density values for closely spaced components in Table 5 may be inaccurate, since it is difficult for the fitting algorithm to uniquely distribute such flux density during the model fitting.
The number of components in the model fitting was purposely kept small enough for each source that components could be easily identified from epoch to epoch across the full series of images. All series of model fits for all sources have been verified to be temporally consistent with each other using the following procedure:
1. When the model fit for the first epoch is used as the starting guess for the second epoch and the iterative model fitting proceeds, then the best fit for the second epoch given in Table 5 is obtained. 2. This procedure can be repeated epoch by epoch until the best fit for the final epoch given in Table 5 is obtained. Increasing the complexity of the model fits by adding too many components can disrupt this consistency and make it more difficult to identify features between epochs. Because of the desire to obtain consistent sets of models over all epochs, four of the twenty model fits published in Paper I have been re-done for this paper. The model fits for the sources 0031−196, 0150+015, 0502+675, and 2247+381 are thus slightly different here compared to their corresponding model fits from Paper I, while the other sixteen model fits from Paper I remain identical in this paper.
Apparent Speeds
In order to the study the motions of the jet components, we made linear least-squares fits to the separation of component centers from the core versus time, for all 45 jet components from Table 5 that were observed at four or more epochs. We used the method described by Homan et al. (2001) to determine the error bars on the component positions, modified for linear fits from their original version for quadratic fits. This method uses the scatter of component positions about the fit to estimate errors on model component positions that are not known a priori, and it was used in our previous work on the kinematics of TeV HBLs (Piner et al. 2010) , and on the kinematics of sources from the Radio Reference Frame Image Database (Piner et al. 2007 . After this fitting, we excluded two relatively diffuse and distant components whose positions were so poorly constrained that they had proper motion errors exceeding 0.4 mas yr −1 (component 1 from 0133+388 and component 1 from 1440+122). The remaining 43 fits to component motions are shown in Figure 2 , and are tabulated in Table 6 .
For each of these 43 components, Table 6 lists the average flux density of the component, the average separation from the core obtained if a constant separation is fit to the component positions, the proper motion obtained from the linear fit, and the apparent speed obtained from that proper motion using the redshift given in Table 2 (for the two sources in Table 2 with lower limits, we have adopted the lower limit as the redshift). Average flux densities of the fitted jet components range from 1.0 to 24.9 mJy, with a median flux density of 3.0 mJy. The median positional error bar size for all 185 data points fit in Figure 2 is 0.13 mas, which is about 10% of the median beam size from Table 4, so that on average jet components are being localized to within about 1/10 of the naturally weighted beam. Because most components were observed over a time baseline of about two years, we expect a typical proper motion error of order 0.07 mas yr −1 , which is indeed the median proper motion error of the 43 fits in Table 6 . At the median redshift of our sample (z = 0.18), this proper motion error translates into an apparent speed error of about 1c, which is consistent with the median apparent speed error from Table 6 . These observations thus achieved their original goal of constraining the apparent motions in these 20 HBL jets with an accuracy of order ±1c over about two years.
As has been found in earlier work on the TeV HBLs (e.g., Piner et al. 2010; Lico et al. 2012; Tiet et al. 2012 ), many of the components whose proper motions are given in Table 6 appear stationary within the measurement errors. Nevertheless, a subset of significant outward apparent motions is detected, as can be seen from an analysis of the proper motion significances. Figure 3 shows a histogram of the significance in multiples of sigma of the proper motion measurement for each component (maintaining the negative sign for negative proper motion measurements), for all 45 components that were observed at four or more epochs. The dashed curve in Figure 3 shows the theoretical distribution expected for a population of truly stationary components. As can be seen from Figure 3 , the negative proper motions that we have observed at between 1 and 3σ significance are consistent with the expected scatter about zero motion, so that we cannot claim any detection of significant inward apparent motions. However, the distribution in Figure 3 has a bias toward positive proper motions that significantly exceeds that expected for a population of (Table 5 is published in its entirety in machine-readable format. A portion is shown here for guidance regarding its form and content.)
stationary components. For example, 14 out of 45 components (or about one third) have a positive proper motion that exceeds 2σ significance, where only about one is expected by chance. Since outward motions in these jets are detected, we proceed with analyzing these motions in more detail in the next section.
ANALYSIS AND DISCUSSION
In this section we relate the apparent speed measurements from the previous section to the bulk properties of the jets. There are several effects that may produce pattern speeds of model components that are either stationary or slower than the bulk apparent flow speed. These may include physical effects such as standing shocks or trailing features (e.g., Gomez et al. 1995; Kadler et al. 2008; Hervet et al. 2016 Hervet et al. , 2017 , and modeling effects such as exceptionally smooth flows without discernible local maxima to track. We note that while the jets of some of the TeV HBLs do appear smooth, many do display local peaks in the jet that can be followed over time (see Piner & Edwards 2004, and Figure 1 of this paper). Cohen et al. (2014 Cohen et al. ( , 2015 also report that components in the jet of the IBL BL Lacertae may represent MHD waves that move at apparent speeds exceeding the bulk apparent speed, although no such components have yet been reported in an HBL jet. Because of these various effects, VLBI surveys have tended to use the fastest measured apparent speed in a jet as being the one that may be most indicative of the peak bulk apparent speed of the flow (e.g., Lister et al. 2009b Lister et al. , 2013 Lister et al. , 2015 Lister et al. , 2016 Piner et al. 2012 ), and we have followed a similar practice in our previous work on the kinematics of TeV HBLs (Piner et al. 2010; Tiet et al. 2012) . We continue to follow such a practice for this paper, with some necessary modifications as described below.
Because this work is focused on relatively newly discovered TeV blazars, many of the sources analyzed for this paper have been monitored with VLBI for only about two years at 8 GHz, and thus a number of the speed measurements have large associated errors. Because of the presence of potentially large associated errors, it is not useful to simply use the fastest measured speed in a source regardless of the significance of the measurement. Therefore, to assign an apparent speed to a source, we use the speed of the component that has the highest 2σ speed lower limit, or, if no component in a source has at least 2σ significance, then we use the speed of the component that has the highest 1σ speed lower limit. The histogram of these apparent speeds is shown in Figure 4 , and the component used to plot each source in Figure 4 is indicated by a note in Table 6 . This procedure has the effect of maximizing the tail of the distribution of the 2σ speed lower limit histogram, which is important in the subsequent analysis. Because we showed in the previous section that all formally negative apparent speeds are consistent with a random scatter about zero, any such speeds are plotted in the left-most bin of Figure 4 .
In Figure 4 we have also included measured apparent speeds for all other TeV HBLs for which they are Figure 4 ; see text for explanation.
Note-Column 1: source name. Column 2: component ID. Column 3: mean flux density. Column 4: mean separation from core. Column 5: proper motion. Column 6: apparent speed in units of the speed of light. Columns 7 and 8: 1σ and 2σ lower limits on the apparent speed, if greater than zero, respectively. . New sources with VLBI data from this paper are shown in red (20 sources), sources with data taken from our previous papers (Piner et al. 2010; Tiet et al. 2012 ) are shown in blue (11 sources), and sources with data taken from the MOJAVE program are shown in yellow (7 sources). Figure 5 . Histogram of 2σ lower limits to the apparent speeds for the components plotted in Figure 4 . New sources with VLBI data from this paper are shown in red (20 sources), sources with data taken from our previous papers (Piner et al. 2010; Tiet et al. 2012 ) are shown in blue (11 sources), and sources with data taken from the MOJAVE program are shown in yellow (7 sources).
available (assigned using the same procedure described above). These additional sources are either compiled from our earlier work in Piner et al. (2010) and Tiet et al. (2012) (11 sources), or from observations by the MO-JAVE program (7 sources). These are the 18 sources that are indicated by an exclusion code of either '1' or '2' in Table 1 . For all sources present both in our earlier work and in the MOJAVE program, the two datasets agree on the histogram bin. For five of the seven sources taken from the MOJAVE program, we use an apparent speed from previously published works. These apparent speeds are: 2.33 ± 0.51c for PKS 0301−243 (Lister et al. 2016) , 0.83 ± 0.04c for IC 310 (Glawion et al. 2016), 1.78 ± 0.37c for 1ES 1011+496 (Lister et al. 2013) , 0.032 ± 0.014c for 1ES 1215+303 (Lister et al. 2013) , and 2.6 ± 1.1c for PKS 1424+240 (Lister et al. 2013). For two additional sources from the MOJAVE program without published apparent speeds (1ES 0806+524 and 1ES 1727+502), we have independently fit Gaussian models to the publicly available visibility data, and then measured apparent speeds using the same procedure as for our other sources (see § 3.2 and 3.3). For 1ES 0806+524 we fit two components with apparent speeds of −0.02 ± 0.18c and 0.05 ± 0.18c, and for 1ES 1727+502 we fit four components with apparent speeds of −0.58 ± 0.29c, −0.04 ± 0.26c, −0.06 ± 0.13c, and −0.18 ± 0.12c (so all consistent with no motion). When all of these additional sources are combined with the 20 new sources from this paper, Figure 4 then includes all 38 of the 47 TeV HBLs for which multi-epoch structural information is available (see Table 1 ). Inspection of Figure 4 shows that half of the newly added sources are subluminal, but that there is also a small tail present that shows apparent speeds extending to above 3c for the first time.
Below we first discuss the nature of the superluminal tail of the distribution, followed by the nature of the subluminal and stationary components. The six components with apparent speeds above 3c are discussed individually in the notes on individual sources following this section.
Superluminal Components
Because the few components that are in the higher speed tail of Figure 4 are likely to lie near the upper extent of their allowed error range, we plot in Figure 5 a histogram of the 2σ lower limits to the apparent speeds of all of the components plotted in Figure 4 . The color scheme in Figure 5 has the same meaning as in the previous figure. As in Figure 4 , formally negative values are plotted in the left-most bin. The distribution of lower limits extends out to about 4c, and in fact components were selected for plotting in Figure 4 in order to maximize the extent of the tail of the distribution of 2σ lower limits in Figure 5 . Thus, even with fairly conservative 2σ lower limits, we find that when these new sources are included, that apparent speeds of at least a few times the speed of light are observed in a small minority of the TeV HBLs. However, according to Figure 5 , no apparent speed significantly exceeding about 4c has been detected in any of these sources throughout the history of the monitoring programs. This is a key observational result that in turn implies peak bulk Lorentz factors of order 4 in the parsec-scale radio emitting portions of these jets. This rather low value for the bulk Lorentz factor is entirely consistent with that found by other VLBI estimates, such as the radio core brightness temperatures (Paper I; Lister et al. 2011; Lico et al. 2016) .
As has been found previously (Kharb et al. 2008; Piner et al. 2010; Tiet et al. 2012; Lister et al. 2016 ), we confirm that the apparent speed distribution of the TeV HBLs consists of significantly lower apparent speeds than is found for other source classes. For comparison, the peak apparent speeds of other source classes, as measured by the MOJAVE survey, are about 50c for quasars, 20c for other BL Lac objects (LBLs and IBLs), and about 10c for radio galaxies and radio-loud narrowlined Seyfert I AGNs (see Figure 8 from Lister et al. 2016 ). The HBLs thus comprise a kinematically distinct class compared to other AGNs with parsec-scale radio jets.
The implied peak Lorentz factors of a few from the radio observations of TeV HBL jets conflict with the high Doppler factor and Lorentz factor estimates based on variability and SED modeling of the high-energy emission, a contradiction that has become known as the 'Doppler crisis' (see § 1). The differing values of the Lorentz factor estimated using data from different portions of the electromagnetic spectrum has led to the idea of velocity structures in the jets of TeV HBLs. One possible geometry for these velocity structures that is also physically motivated by both theoretical simulations of jets and unification work is that of a fast central spine that dominates the high-energy emission, and a slower outer layer that dominates the radio emission (e.g, Ghisellini et al. 2005) . Note that in such models the radio emission from the layer can exceed that of the spine even if the layer has a lower Doppler factor, due to the differing SEDs and emissivities between the spine and layer; see, for example, Ghisellini et al. (2005) and Sahayanathan (2009). Here we show how such a spinelayer scenario might plausibly explain observational results such as the apparent speed lower limit histogram in Figure 5 . Figure 6 shows the Doppler factor of the spine of a hypothetical spine-layer jet with a Lorentz factor of 20 as the viewing angle changes from zero to six degrees (solid line). This figure also shows the apparent speed of a hypothetical layer with a Lorentz factor of 5 over the same range of angles (dashed line). As the Doppler factor of the spine falls from about 40 to about 10, the apparent speed of the layer increases from zero to about 4c. Thus, if there is a span of about a factor of four in the Doppler factor of the TeV blazar population, this could accommodate, with no other differences, the ranges of apparent speeds seen in Figure 5 . (A change in the Doppler factor by a factor of four changes the integrated TeV energy flux above a common threshold energy by about two orders of magnitude, using typical spectral indices from Paper I, with the exact value depending on the geometry of the emitting region. This is roughly the spanned range of the integrated TeV energy fluxes as computed from data in Paper I, so such a change seems plausible.) This would also explain why the tail of the distribution in Figure 5 is occupied by the more recently detected sources: as fainter TeV sources are detected as telescope sensitivity improves, these may be revealing lower Doppler factor spines seen at larger viewing angles, which in turn would result in increasing apparent speeds for the layer. Consequently, apparent speeds of a few times the speed of light may be expected in a spinelayer scenario as more sources with fainter spine emission are observed, although this should be confirmed with more rigorous Monte Carlo simulations that take into account a full range of variables (such as luminosity, redshift, and Lorentz factor distributions). Note also that the analysis in Figure 6 is not limited to a spinelayer geometry, but could apply to other suggested geometries for the TeV HBLs, as long as there are two regions of the flow with different Lorentz factors; e.g., the non-steady magnetized outflow model by Lyutikov & Lister (2010) .
If TeV blazar jets are composed of a fast spine and a slower layer, then radiative interaction between these two regions may serve to decelerate the spine while simultaneously accelerating the layer (Georganopoulos & Kazanas 2003; Ghisellini et al. 2005) . Such radiative acceleration of the layer in the context of the spine-layer model has recently been investigated theoretically by Chhotray et al. (2017) . Here we test to see if there are any systematic changes in apparent speed with distance from the core at the length scales probed by our current data. We have not observed individual components at a large enough number of epochs to reliably fit for accelerations of individual components as was done by, e.g., Homan et al. (2009 Homan et al. ( , 2015 and Piner et al. (2012) . Instead, we use a different method also employed by Piner et al. (2012) . We perform a fit to ln β app versus ln r for components where motion is detected at above the 1σ level, using the measured values from Table 6 , for each of the five sources with at least two such 1σ components (0229+200, 0502+675, 0706+592, 1741+196, and 2247+381). A constant positive apparent acceleration along the length of the jet would yield a slope of 0.5 for such a fit. All five of these sources have a positive slope for this fit, and the weighted mean slope is 0.60 ± 0.07, approximately consistent with constant acceleration. The binomial probability of all five sources having positive slope by chance is 0.03, consistent with the marginal detection of apparent acceleration at a significance of 0.97, although given the small number of sources used for the test, it should be confirmed by future studies. We note that Lister et al. (2013) found a positive correlation between apparent speed and distance from the core for the more powerful BL Lacs in the MOJAVE sample, so that this kinematic property does not seem to be unique to the HBL class, leaving open the question of whether in the TeV HBLs it is due to the putative spine-layer interaction, or due to some other more general effect.
Subluminal and Stationary Components
The nature of the model components whose fitted speeds are consistent with no motion is likely to be some mix of the following two cases:
1. Stationary or slowly moving patterns that do not reflect the bulk apparent speed of the underlying flow (this is likely the case in sources where such components co-exist with much more rapidly moving components such as in 0645+153) 2. Components moving at the bulk apparent speed in jets that truly do have a slow apparent bulk speed (for example, jet layers at small angles to the line of sight, such as those on the small viewing angle side of Figure 6 ).
Related to the first case above, Hervet et al. (2016 Hervet et al. ( , 2017 have argued that stationary patterns due to recollimation shocks may be more common in HBLs than they are in other types of blazars, and our observations of numerous apparently stationary components seem to be consistent with this. However, as we have shown in Figures 3 and 5, based both upon our data and the included MOJAVE data, a minority population of moving components is also present. We also note that a few of the components in Table 6 that have measured subluminal speeds are moving outward with high significance, just subluminally (e.g., component 3 in 0229+200), and that these are likely examples of the second case above. For any specific jet that consists solely of components that are consistent with no motion (e.g., 1221+248), the difference between the two cases described above would be difficult to determine from these data alone. However, for slow bulk apparent speeds (rather than stationary patterns), motion should become measurable at some level if the VLBI monitoring data become more extensive. A self-consistent explanation for why the TeV HBLs apparently have jets with velocity structures that observationally lead to the 'Doppler crisis' may be something like the following. A TeV-selected sample selects low-luminosity sources: either because this selection favors rare high-synchrotron peak sources which are drawn from the low end of the luminosity function where the source density is largest (Giommi et al. 2012) , or because spectral peak frequencies are anti-correlated with luminosity in a blazar sequence (e.g., Ghisellini et al. 2017) . At this low end of the luminosity function the jets are formed in a low-efficiency accretion mode (Ghisellini et al. 2005 (Ghisellini et al. , 2009 Meyer et al. 2011; Sbarrato et al. 2014 ) that favors interaction of the jet walls with the external medium, causing the formation of a slower layer (e.g., Rossi et al. 2008) . These flows may favor the generation of stationary recollimation shocks that help to contribute to the large population of subluminal components in Figures 4 and 5 (Hervet et al. 2016 (Hervet et al. , 2017 . Interaction between the spine and the layer may then decelerate the spine (e.g., Georganopoulos & Kazanas 2003; Ghisellini et al. 2005; Chhotray et al. 2017) , producing longitudinal as well as transverse velocity structures. Adoption of multi-zone geometries can then somewhat reduce the discrepancy in the Doppler factors that originally led to the 'Doppler crisis', because lower Doppler factors are typically needed to model the high-energy emission when compared to single-zone models (due to radiative interaction between the two regions; e.g., Aleksić, et al. 2014) . The picture described above has emerged based on theoretical modeling, high-resolution imaging, and unification studies, and further work in all three areas should help to test and refine it.
It is also interesting to consider these results from the perspective of the unification of low-luminosity radio sources. At lower accretion rates the FR I LERGs may transition to make up a portion of the so-called 'FR 0' population (see, e.g., Figure 8 of Ghisellini 2011) that has been revealed in surveys of nearby radio sources (e.g., Baldi & Capetti 2009; Sadler et al. 2014 ). Such objects appear to lack extended radio emission, and most show no evidence of relativistic beaming (Sadler et al. 2014) . Some of these objects may represent weak jets that are vulnerable to instabilities and disruption, and that are unable to develop larger radio structures. Observations of the 'Doppler crisis' in the HBL jets may be showing the development of such instabilities. VLBI studies of these 'FR 0' sources will be important to conduct in this context, in order to see how their parsec-scale radio properties compare to those of the HBL sources studied here.
NOTES ON INDIVIDUAL SOURCES
Because of their importance in the analysis above, we focus here on the quality of the apparent speed measurement for each of the six components whose measured apparent speed is > 3c (see Figures 4 and 5) . We assign a quality code to each of these component motions using the criteria developed by Kellermann et al. (2004) for the 2 cm VLBA survey. These criteria were designed for an older VLBI survey preceding the MOJAVE survey, but this means that they were also designed to be applicable to a VLBI survey with a small and limited number of epochs such as the one described here, and where the only goal is the measurement of component apparent speeds, and not anything more sophisticated such as acceleration. These criteria are:
1. The component is observed at four or more epochs.
This applies to all components in Table 6 .
2. The component is a well-defined feature in the images. Note that in some cases a component may be a well-defined feature in images made with tapered visibility data, but it is resolved out into patchy emission in the full-resolution images in Figure 1 .
3. The uncertainty in the fitted proper motion is ≤ 0.08 mas yr −1 , or the proper motion has a significance ≥ 5σ.
The quality codes are then assigned as follows:
1. 'Excellent' for motions that satisfy all three of the above criteria.
2. 'Good' for motions that satisfy any two of the above criteria.
3. 'Fair' for motions that satisfy only one of the above criteria.
4. 'Poor' for motions that do not satisfy any of the above criteria, or for motions where the uncertainty in the fitted proper motion is > 0.15 mas yr −1 (except for the ≥ 5σ cases mentioned above).
Applying these criteria to the six components whose measured apparent speed is > 3c, we obtain the following: 0031−196: Component 1 is observed at four epochs, with a proper motion of 0.204 ± 0.071 mas yr −1 . It is seen as a 'shoulder' of emission off of the core in some images, so is not always a well-defined feature. It receives a quality code of 'Good' using the system above.
0317+185: Component 1 is observed at four epochs, with a proper motion of 0.493 ± 0.100 mas yr −1 . It is a well-defined feature whose motion is clearly evident, as is shown in the two-epoch image comparison in Figure 7 . It receives a quality code of 'Good'. 0645+153: Component 1 is observed at four epochs, with a proper motion of 0.511±0.145 mas yr −1 . It is fairly distant from the core, and is over-resolved in the images in Figure 1 . However, it is seen as a distinct feature in tapered images (see the following source for an example of this). It has a quality code of 'Good'.
0706+592: Component 1 is observed at five epochs, with a proper motion of 0.709 ± 0.189 mas yr −1 . It is seen as a distinct feature in tapered images of this source, as is shown in the three-epoch image comparison in Figure 8 . However, the relatively large uncertainty in the proper motion gives it a 'Poor' quality code. 1008−310: Component 1 is observed at four epochs, with a proper motion of 0.459 ± 0.143 mas yr −1 . It is a 'shoulder' of emission off of the core rather than a well-defined feature. It has a quality code of 'Fair'. 2247+381: Component 1 is observed at four epochs, with a proper motion of 0.470 ± 0.047 mas yr −1 . It is a well-defined feature, and has an 'Excellent' quality code.
Thus, four of the six relatively fast components have quality codes of 'Excellent' or 'Good' in this system, and four of the six motions are easily visible in either the full resolution or the tapered images.
CONCLUSIONS
The HBLs are a physically important class of sources that possess parsec-scale jet kinematics that is clearly distinct from the more powerful sources; however, because of their relative faintness in the radio, they have not been previously well-studied, apart from a handful of sources. In this paper, we have presented parsec-scale apparent speed measurements for 20 new TeV HBLs, based on 88 multi-epoch VLBA images. These measurements were combined with data on 18 other sources from the literature to provide parsec-scale jet kinematics for 38 of the 47 known TeV HBLs. To our knowledge, this is the largest published set of kinematic information on the HBL source class. Importantly, our sample has imposed no radio flux density limit (in contrast to the 0.1 Jy flux density limit of the MOJAVE survey, for example (Lister et al. 2016) ), but has observed all TeV-detected HBLs regardless of their faintness in the radio.
In agreement with earlier works, we have confirmed that the measured apparent speeds of jet components in the TeV HBLs are considerably slower than in the more powerful sources. Many of these jet components have measured apparent speeds that are consistent with no motion, and some of these may represent stationary patterns. A small number of mildly superluminal components is detected in the TeV HBLs for the first time; the highest 2σ apparent speed lower limit considering all of the monitored TeV HBLs from this paper is 3.6c. No component with an apparent speed lower limit exceeding this has been detected by us, despite the fact that nearly all known TeV HBLs have now been monitored with VLBI. This suggests that bulk Lorentz factors of up to about 4, but probably not much higher, exist in the parsec-scale radio emitting regions of these sources, consistent with estimates obtained in the radio by other means such as brightness temperatures.
Such Lorentz factors are reconciled with the high Lorentz factors obtained at other wavebands by inferring that these jets contain different emission regions with different Lorentz factors. A jet with a fast inner spine and slower outer layer represents one such structure that is also expected based on theoretical grounds and from arguments based on radio source unification. Our apparent speed results may represent a population of such jets where the spine Doppler factor decreases and the layer apparent speed increases as sources are observed at larger angles to the line of sight.
Future work to be undertaken on the set of TeV HBLs described in this paper includes stacking of the VLBA images over all available epochs to investigate fainter jet structures, including possible transverse structures; monitoring of the five TeV HBLs that were detected too recently to be included in this set of multi-epoch monitoring (see Table 1 ); and continued monitoring of the six highest apparent speed sources from the current program (see Figure 4) . The increased number of epochs on those kinematically interesting sources will allow a better investigation of any apparent accelerations in the jets.
The set of TeV HBLs that is described in this paper is likely to be close to the complete set of these objects that will be detected by the current generation of TeV telescopes, because the most promising candidate sources have now been observed, and the number of new detections has been steadily declining. For example, according to TeVCat, while five new TeV HBL detections were announced during the two years 2013-2014, only one was announced during the following two years 2015-2016. The start of observations of the Cherenkov Telescope Array (CTA) in about 2021 should reveal many more examples of this class of object. The potential faintness of these new objects in the radio may pose an interesting challenge for VLBI imaging, although successfully imaging the CTA detections on the parsec scale will be crucial to understanding the geometry and physics of their high-energy emission regions.
